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Abstract
Inflammation following tissue damage promotes lymphocyte recruitment, tissue remodelling, and
wound healing while maintaining self tolerance. Endogenous signals associated with tissue
damage and cell death have been proposed to initiate and instruct immune responses following
injury. Here we have examined the effects of elevated levels of a candidate endogenous danger
signal, heat shock cognate protein 70 (Hsc70), on stimulation of inflammation and autoimmunity
following cell damage. We find that damage to pancreatic β-cells expressing additional cytosolic
Hsc70 leads to an increased incidence of diabetes in a transgenic mouse model. Steady-state levels
of activated APC and T cell populations in the draining lymph node were enhanced, which further
increased following streptozotocin-induced β-cell death. In addition, pro-inflammatory serum
cytokines, and lymphocyte recruitment were increased in Hsc70 transgenic mice. Islet-antigen-
specific T cells underwent a greater extent of proliferation in the lymph nodes of mice expressing
Hsc70 following β-cell damage, suggesting elevated antigen presentation following release of
antigen in the presence of Hsc70. These findings suggest that an elevated content of Hsc70 in cells
undergoing necrotic or apoptotic cell death can increase the extent of sterile inflammation and
increase the susceptibility to autoimmunity.

Introduction
Sterile wounding produces inflammation that is able to recruit and activate phagocytes,
promote scavenging and processing of cellular debris, and activate lymphocytes to effect
tissue remodelling and wound healing. Sterile inflammatory pathways initiated following
cell death or tissue injury share features of pathogen-triggered immune responses, and are
now recognized to be initiated by endogenous signals which sound the alarm to indicate
damage and altered tissue homeostasis requiring immune attention and repair (1). A growing
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list of endogenous danger signals, termed damage associated molecular patterns (DAMPs)6

and “alarmins” have been identified which promote immune responses. These include heat
shock proteins (HSPs), monosodium urate, high mobility group box-1, low molecular
weight hyaluronic acid, and ATP (2, 3). Innate immune cells, including macrophage and
dendritic cells (DCs), are thought to detect these extracellular DAMPs and initiate
inflammatory responses through a variety of receptors which may include toll-like receptors
(TLRs) and other “foreign” pattern recognition receptors (4).

It appears to be critical, therefore, to limit the exposure of danger signals following injury,
as well as during physiological cell death, in order to avoid excessive inflammation and
inappropriate immune activation and to maintain tolerance to released self antigens.
Apoptotic cell death is thought to sequester pro-inflammatory cellular contents, preventing
extracellular release of DAMPs, as well as triggering anti-inflammatory clearance by
phagocytes (5). Rapid clearance of apoptotic cells, however, may be crucial for preventing
autoimmune activation following cell death (6). Overload of clearance receptors or
accumulation of dead cell debris may trigger pro-inflammatory responses during prolonged
generation of apoptotic cells (5). Also, apoptotic cells can progress to secondary necrosis
and expose their sequestered intracellular contents and DAMPs to the innate immune
system. For example, β-cells that die by apoptosis and progress to secondary necrosis were
found to stimulate efficient self antigen presentation and to activate self-reactive T cells in a
TLR2-dependent manner (7). Furthermore, “stressful” apoptosis may increase the
expression of additional danger or clearance factors, including Hsp70, Hsp90, or
calreticulin, which promote uptake and antigen cross presentation with concomitant APC
maturation, thus enhancing responses against cell-associated antigens. This form of cell
death has been suggested to critically influence the immunogenicity of tumor cells (8).

Immunity against self antigens might be more likely to result during conditions of cell death
which release sufficient DAMPs or which display a signature of a stress-response. Cell
damage models of autoimmune diabetes have been described which could reflect an excess
of DAMP-induced inflammation or dead cell overload. These include streptozotocin (STZ),
alloxan (9), cyclophosphamide (10), and Coxsackie-B virus (11), all of which have direct β-

6Abbreviations used in this paper:

DC dendritic cells

DAMP damage associated molecular pattern

ILN inguinal lymph node

PDLN pancreatic draining lymph node

STZ streptozotocin

MLD multiple low dose

SHD single high dose

SID single intermediate dose

LCMV-GPlymphocytic choriomeningitis virus glycoprotein

RIP rat insulin promoter

Tg transgenic

Alam et al. Page 2

J Immunol. Author manuscript; available in PMC 2010 May 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



cell-specific cytotoxic effects followed by induced immune responses. STZ is a reactive
glucose analogue which is taken up specifically by pancreatic β-cells and causes DNA
damage and nitric oxide-generation (9). Caspase-mediated β-cell apoptosis following
multiple low dose (MLD) treatments with STZ leads to an immune-mediated diabetes (12).
T cells and macrophages have been implicated in mediating complete β-cell destruction
following STZ insult (13, 14), and inflammatory cytokines including IL-1, IL-15, IL-18, and
IL-23 have been found to play a role in the onset of diabetes, suggesting an innate response
instructing subsequent lymphocyte-dependent β-cell destruction (15-18).

In this study we have addressed the question of whether the extent of inflammation
following cell damage could be tipped to further progress to autoimmune activation if cells
expressed increased levels of endogenous danger signals. Heat shock proteins have been
suggested to provide pro-inflammatory and immunity enhancing signals following their
release from necrotic cells (19, 20). Hsc70 is a constitutively expressed member of the
Hsp70 family, which performs housekeeping functions of protein folding/unfolding, clathrin
uncoating, and chaperoning of lysosome-targeting proteins (21). While recombinant human
Hsp70 and mixtures of highly purified mouse Hsp70/Hsc70 were previously shown to
enhance autoantigen-specific CD8+ T cell activation and promote autoimmune diabetes
(22), others have attributed the pro-inflammatory activities of HSPs to contaminating
endotoxin (23, 24). To directly assess the effects of increased release of pre-existing cellular
Hsc70, in situ, we used the STZ-damage induced diabetes model in mice transgenically
engineered to express additional cytosolic Hsc70 in pancreatic β-cells, and combined this
with the RIP-LCMV-GP antigen model to examine auto-antigen-specific CD8+ T cell
responses. We find that while resting mice displayed only modestly enhanced activation of
immune cell populations, β-cell death induced by STZ, whether necrotic or apoptotic,
produced a higher incidence of diabetes associated with immune cell recruitment and
activation in Hsc70-expressing animals. These results suggest that endogenous danger signal
protein levels can determine the susceptibility to autoimmune activation following cell
death.

Materials and Methods
Transgenic mice production and maintenance

The full length coding region of bovine Hsc70 (kindly provided by Prof. David McKay,
UCSF) was cloned into the BamH1 site of the plasmid pKool, downstream of the rat insulin
promoter, replacing the LCMV-GP cDNA (25, 26), and used for pro-nuclear injection of F1
(C57Bl/6J × DBA/2J) mouse fertilized oocytes at the Rockefeller University Transgenic
Service Laboratory. Four RIP-Hsc70 founder lines were identified with germline
transmission of the transgene. Mice were maintained at the Ontario Cancer Institute, and at
the University of Manchester. All experimental protocols were in accordance with Canadian
Government guidelines and the Animals (Scientific Procedures) Act 1986, and were
performed under an approved UK Home Office Project License. Mice were bred with
previously described RIP-GP and RIP-GP / P14 TCR strains (22, 25) on the C57Bl/6J
background for more than 10 generations. RIP-Hsc70 / RIP-GP mice were backcrossed to
generate homozygous RIP-GP+/+ / RIP-Hsc70+/+ mice.

Chemicals and Reagents
Streptozotocin was purchased from Sigma (Poole, UK). Antibodies specific for Hsp/Hsc70
(clone 5A5), or for Hsc70 only (clone 1B5) were purchased from Stressgen (Victoria,
Canada). All other antibodies were from BD Biosciences except where noted. LPS (E. coli
serotype 026:B6), and CFSE were from Sigma. Primers used for Hsc70 genotyping and RT-
PCR were H1 (3′-tggcttagacaaaaaggttgg), and H2 (3′-cttggggatacgggttgag) and control β-
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actin primers were Act1 (3′-atggatgacgatatcgctgc) and Act2 (3′-ctagaagcacttgcggtgcac).
Peptide GP33-41 (KAVYNFATM) was synthesized by Sigma Genosys (Haverhill, UK).
LCMV (Armstrong strain) was administered i.v. at a dose of 2000 pfu. Blood glucose
concentration was monitored using an Accu-Chek Advantage glucose meter with Accu-
Chek Advantage II test strips (Roche, UK).

RT-PCR
Total pancreatic RNA was prepared using Trizol (Invitrogen, Paisley, UK) and cDNA was
prepared with Superscript II reverse transcriptase (Invitrogen), according to the
manufacturer’s instructions, using oligo-dT primers. Serial dilutions were then used for PCR
with the primers above for 35 cycles.

Pancreas Histology
Freshly removed pancreas tissue was snap frozen in OCT compound (RA Lamb,
Eastbourne, UK) in liquid nitrogen, and stored at −80 C. 10 μm section were cut with a
Leica cryostat microtome and mounted on gelatin coated glass slides. Tissue was fixed in
4% paraformaldehyde or 50:50 acetone:methanol, endogenous peroxidase was quenched
with glucose and glucose oxidase (Sigma) followed by blocking with heterologous serum
and avidin (Vector Labs, Peterborough, UK), and processed for antibody and/or
Hematoxylin and Eosin staining. Tissue images were acquired on a Nikon E400 microscope
using Eclipse software. Pancreatic β-cells and infiltrates were identified using anti-insulin,
anti-CD4, anti-CD8, anti-CD44, or anti-MHC class II antibodies coupled to biotin, and
detected with Streptavidin-HRP and developed using DAB solution (Vector Labs). Double
staining was performed using HRP and alkaline phosphatase detection using an ABC kit
(Vector Labs) according to the manufacturer’s instructions

Lymph node cell isolation and FACS analysis
PDLN and ILN were removed into FACS buffer (PBS + 2% FBS), ground between frosted
glass slides, and strained through a 100 μm filter. Cells were recovered by centrifugation,
treated with ACK buffer (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) to lyse red blood
cells, and washed in Hank’s Balanced Salt Solution (HBSS, Invitrogen). Following recovery
by centrifugation, cells were resuspended in FACS buffer and stained for activation markers
using fluorescently-labeled antibodies. Stained populations were analyzed on a FACScalibur
(BD Biosciences) using Cell Quest or Flowjo (Treestar, USA) software.

Multiple low dose (MLD-) STZ and single intermediate dose (SID-) STZ treatments
STZ was dissolved in 0.1 M citrate buffer pH 4.5 and injected i.p. within 5 minutes. A dose
of 50 mg/kg was injected on five consecutive days (MLD) or a single dose of 125, 150, or
200 mg/kg was administered i.p., and blood glucose monitored over several weeks to
identify incidence of diabetes. Mice were considered diabetic when their blood glucose was
greater than 15 mM for at least 3 readings measured every 2-4 days.

Cytokine measurement
Blood was collected via the lateral tail vein, or following terminal cardiac puncture, allowed
to clot for 30 minutes at room temperature, the serum recovered following centrifugation,
and stored at −20 C. Simultaneous determination of multiple cytokines was performed using
cytometric bead array (CBA) Flex-sets (BD Biosciences) for IFNγ, IL-12p70, IL-2, and
IL-10. Fluorescence data were acquired on a FACSarray (BD Biosciences), and compared
with standards to determine cytokine concentrations, using FCAParray software. For
sandwich enzyme-linked immunosorbent assay (ELISA), samples were diluted in ELISA
blocking buffer (PBS containing 2% BSA), and added to coated plates (IL-1β capture
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antibody clone B122 (eBioscience)), washed with PBS plus 0.05% Tween-20, and detected
using biotinylated anti-IL1β detection antibody (polyclonal, eBioscience), and visualized
using Avidin-HRP and TMB reagent measured at 630nm.

Lymphocyte recruitment and in vivo proliferation
P14 TCR Tg mouse splenocytes were prepared and labeled with carboxyfluorescein-
succinimidyl-ester (CFSE, Sigma, UK). For some experiments, CD8+ T cells were purified
using MACS CD8a-bead selection on an AutoMACS (Miltenyi, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions. Transfer of 1×107 cells into STZ-
treated mice was by i.p. injection in HBSS.

Statistics
Significant differences between experimental groups with normal distribution were
determined using Student’s t-test and ANOVA. Non-parametric data were analyzed for
significant difference between experiment groups using the Mann-Whitney test. Differences
between Kaplan-Meier incidence curves were determined by logrank test using GraphPad
Prism software.

Results
Characterization of RIP-Hsc70 Tg mice

We used the full-length bovine Hsc70 coding region cloned downstream of the rat insulin
promoter (RIP-Hsc70) to generate transgenic (Tg) mice. Four founder lines were identified
with germline transmission of the transgene. RIP-Hsc70 Tg mice expressed mRNA specific
for bovine Hsc70 in the pancreas (Fig. 1A), and over-expressed Hsc70 protein, as detected
by intracellular flow-cytometric staining (Fig. 1B,C), and immunofluorescence staining of
freshly isolated pancreatic islets (data not shown). RIP-Hsc70 mice were otherwise
indistinguishable from wildtype littermates and no abnormalities or pathology were
observed during their lifespan, nor were significant difference seen between founder lines.

To examine the influence of β-cell Hsc70 over-expression on induced diabetic responses,
the RIP-Hsc70 Tg mice were crossed with the RIP-LCMV-glycoprotein (RIP-GP) antigen
model (25). RIP-GP mice can be stimulated to acquire diabetes by infection with
lymphocytic choriomeningitis virus (LCMV), which carries the GP auto-antigen. Immunity
raised against the viral GP results in concomitant immunity against GP expressed in
pancreatic β-cells, resulting in CTL-mediate destruction of β-cells, loss of insulin
production, elevation of blood glucose, and diabetes (25). To determine if Hsc70 expression
altered the immune response against GP, adult RIP-GP and RIP-GP / RIP-Hsc70 Tg mice
were monitored for blood glucose levels over several weeks. No spontaneous diabetes was
observed in any RIP-GP / RIP-Hsc70 mice (Fig. 2A). To assess if elevated Hsc70
expression promoted enhanced peripheral tolerance against GP, we infected single RIP-GP
and double RIP-GP / RIP-Hsc70 Tg mice with LCMV and measured the ability to stimulate
a diabetogenic anti-LCMV-GP response. Both groups of mice displayed rapid 100%
incidence of diabetes in response to LCMV infection (Fig. 2B), indicating that Hsc70
expression does not promote tolerance against the co-localized GP antigen in double Tg
mice.

CD8+ T cell responses have been demonstrated to mediate destruction of the RIP-GP β-cells
(25). “P14” TCR mice are transgenic for a T cell receptor recognizing the immuno-dominant
H-2Db-restricted epitope of LCMV-GP (27). In the RIP-GP / P14 TCR model, P14 CD8+ T
cells develop normally and circulate in a naive state, in ignorance of the tissue-restricted GP
antigen (25, 28). To examine CD8+ T cell responses against islet GP-antigen in the RIP-
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Hsc70 background, we crossed RIP-Hsc70 mice with RIP-GP / P14 TCR mice, to produce
triple Tg mice. These mice did not display enhanced spontaneous diabetes (Fig. 2C), and
isolated P14 T cells responded normally to peptide stimulation (data not shown). RIP-GP /
P14 TCR mice can be stimulated to acquire diabetes using antigenic peptide plus a strong
innate activation signal, such as LPS, anti-CD40, CpG ODN, or Hsp70 (22, 28, 29). To
ensure P14 T cells were not tolerant to GP in the RIP-Hsc70 background, we administered
peptide GP33-41 plus LPS to triple Tg mice and assessed the ability to stimulate APC and T
cell activation. The presence of Hsc70 in β-cells had no effect on the ability of peptide
immunization to activate diabetogenic P14 T cell function, leading to destruction of β-cells
and hyperglycemia (Fig. 2D). Resting RIP-GP / RIP-Hsc70 mice were found to have no
spontaneous pancreatic infiltrates of CD8+ T cells (Fig. 2E), nor were elevated numbers of
MHC class II+ or CD4+ cells found within islets of naïve mice (data not shown). Large,
healthy islets found in RIP-GP / RIP-Hsc70 double transgenic mice showed no indication of
increased spontaneous apoptosis or necrosis due to transgene expression (Fig 2E and data
not shown). Together these results demonstrate that elevation of intracellular Hsc70 levels in
β-cells does not cause spontaneous inflammation, nor does it affect the development and
function of islet antigen-specific CD8+ T cells.

Increased lymphocyte activation in draining lymph nodes of RIP-Hsc70 Tg mice
We then characterized the status of immune cells in the draining lymph nodes (LN) of RIP-
GP / RIP-Hsc70 homozygous double Tg mice, compared to single Tg RIP-GP littermates.
Double Tg mice had increased populations of partially activated APCs and T cells in the
pancreatic draining lymph node (PDLN) but not the inguinal LN (ILN). The proportion of
MHC class II+ CD11c+ DCs was significantly increased in the PDLN of double Tg mice
compared with single RIP-GP Tg mice (Fig. 3A). The frequency of activated MHC class II+
CD40+ APCs and CD11c+ CD40+ DCs were also increased in PDLN of mice expressing
RIP-Hsc70 (Fig. 3B,C). Furthermore, a significantly increased proportion of CD44-
expressing CD4 and CD8 T cells were seen in the PDLN of Hsc70-expressing mice
compared to non-Hsc70 Tg littermates in the PDLN but not the ILN (Fig. 3D,E). Total
lymph node cell numbers were similar in both mouse strains (RIP-GP PDLN = 1.5 +/− 0.8
×106 cells; RIP-GP / RIP-Hsc70 PDLN = 1.8 +/− 0.6 × 106 cells; RIP-GP ILN = 5.1 +/− 1.2
× 106 cells; RIP-GP / RIP-Hsc70 ILN = 5.5 +/− 0.8 × 106 cells). These findings indicate a
mild but significantly activated immune status in the PDLN of RIP-Hsc70 Tg mice, albeit
one that does not result in any detectable resting pathology in the mice.

Elevated expression of Hsc70 increases diabetes following islet β-cell damage
Next, we challenged single and double Tg mice with the β-cell-specific drug, STZ, to
produce partial β-cell necrosis in order to release intracellular contents, including
transgenically expressed Hsc70. A single high dose (SHD) of STZ (80-200 mg/kg) is
thought to produce a combination of apoptosis and necrotic damage of β-cells (30, 31).
Interestingly, a role for an immune response in the SHD-STZ model is suggested from
studies using TLR4-deficient C3H mice (32) and those demonstrating activation of islet-
antigen-specific T cells in PDLN after a single STZ dosing (11, 31, 33, 34).

To assess the effects of damage to Hsc70-expressing β-cells on autoimmunity, we first
tested a single intermediate dose (SID) of STZ (125 mg/kg), to produce limited necrotic
damage to β-cells without causing complete cytotoxic ablation of β-cells and insulin
production. Treatment of RIP-GP or RIP-GP / RIP-Hsc70 mice with SID-STZ resulted in
only a low incidence of diabetes (20%) in both strains (Fig. 4A). Intriguingly, RIP-Hsc70
mice displayed durable, long lasting hyperglycemia starting earlier than single Tg mice. This
dose of STZ was not overly cytotoxic to β-cells, as assessed by normal blood glucose
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concentrations between 2-7 days following treatment and normal, although infiltrated, islet
morphology a few days after dosing (data not shown).

Since we observed a gradual increase in diabetes (from 0% to 100% incidence) at STZ doses
between 100 and 200 mg/kg (data not shown), we assessed susceptibility to STZ-induced
diabetes in each strain by increasing the dose to 150 mg/kg. We observed 50% incidence of
diabetes in RIP-GP mice starting over 7 days after the drug administration, while the
incidence of diabetes in RIP-GP / RIP-Hsc70 mice was increased to greater than 75% (Fig.
4B). Also, double Tg mice showed an increased infiltrate of CD4+ CD44+ cells in the islets,
and had increased numbers of MHC class II+ APC in the pancreas and infiltrating the islet,
both at 125 and 150 mg/kg doses (Fig. 4C and data not shown). The presence of cell
infiltrates correlated with high blood glucose. The dose of 150 mg/kg did not cause complete
cytotoxic damage to all β-cells, as revealed by insulin-positive islet staining at early time
points after administration, in both strains (Fig. 4D), However, insulin-positive β-cells
disappeared over 7-21 days as mice became diabetic, and this was more pronounced in RIP-
Hsc70 mice (Fig. 4D). An early systemic inflammatory response, as assessed by IL-1β
levels, was detected in the serum at days 3 and 5 post STZ-administration, which was
significantly elevated in RIP-Hsc70 mice (Fig. 4E). At the time points examined, however,
no significant increases in LN cell activation was detected following SID-STZ-treatment
including proportions of CD11c+ DCs, MHC class II+ CD40+, CD44+ CD4+, and CD44+
CD8+ cells (data not shown). Overall, an enhanced inflammatory response was observed in
the pancreas and serum of RIP-Hsc70 mice following limited necrosis of islet β-cells, which
was followed by a higher incidence of diabetes.

STZ-induced diabetes in RIP-GP / RIP-Hsc70 / P14 TCR mice
Next, we sought to assess the role of GP-specific T cells in diabetes induced by STZ-
treatment, by using Tg mice additionally expressing the P14 TCR. A single high dose of 200
mg/kg was found to induce a high incidence of diabetes in RIP-GP / RIP-Hsc70 / P14 mice,
while producing a low incidence of diabetes in controls containing only RIP-GP and P14
TCR transgenes (Fig. 5A). An increased proportion of high CD40-expressing and MHC
Class II+ APCs were seen in the PDLN of mice expressing additional RIP-Hsc70, following
STZ administration, compared to the control group (Fig. 5B, left and right panels). Also, the
proportion of activated GP-specific CD8+ T cells was increased in the PDLN of STZ-treated
RIP-Hsc70 mice (Fig. 5C). To focus on the responses of the GP-antigen specific T cells, we
transferred CFSE-labeled P14 splenocytes into single Tg or RIP-GP / RIP-Hsc70 double Tg
mice, and gave a subsequent damage-inducing dose of STZ. Twenty-four hours later, total
pancreatic and PDLN cells were prepared and the presence of CFSE+ P14 cells was
examined. Mice harboring additional β-cell Hsc70 contained more P14 cells recruited to
both the PDLN and pancreas (Fig. 5D). Further examination at later time points
demonstrated that the transferred CD8+ P14 cells in the PDLN underwent a greater extent of
cell division in mice containing RIP-Hsc70, compared to the control strain (Fig. 5E).
Together, these data suggest that release of islet antigen in the presence of elevated Hsc70
leads to enhanced tissue and LN recruitment of lymphocytes, including islet antigen-specific
T cells and APCs, and increased antigen presentation stimulating CD8+ T cell proliferation
in the draining lymph nodes.

Elevated expression of Hsc70 during apoptosis increases diabetes
We then assessed the MLD-STZ model of diabetes, to determine if there was a difference
between release of expressed Hsc70 following cellular apoptosis versus necrosis. The
control group of RIP-GP mice given 5 doses of 50 mg/kg STZ showed 30% incidence of
diabetes (Fig. 6A). However RIP-Hsc70 mice had a greater incidence of diabetes (60%) in
response to this treatment. The MLD-STZ treatment resulted in detectable serum cytokines,
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including IFNγ and IL-12p70, and these levels were significantly increased in RIP-Hsc70
mice (Fig. 6B,C).

To track the islet antigen-specific T cell response during MLD-STZ-induced diabetes,
CFSE-labeled P14 splenocytes were transferred into mice one day before the last dose of
STZ, then the PDLN and pancreas were collected on day 5 and 7. CD8+ P14 T cells were
found in the PDLN in greater numbers in RIP-Hsc70 mice on day 5 (Fig. 6D). The pancreas
had no significant increase in transferred Ag-specific cells at this time point. When the
PDLN cells were examined at a later time point, i.e. day 7, an increased extent of CD8+ T
cell proliferation was seen in RIP-Hsc70 mice (Fig. 6E). Together, these results demonstrate
that release of transgenically expressed Hsc70 from islets during either necrosis or apoptosis
results in increased inflammation, infiltration, and islet-antigen-specific T cell activation,
which can promote autoimmune destruction of β-cells and diabetes.

Discussion
Extracellular appearance of HSPs is thought to represent a danger signal to the immune
system. We have previously shown that Hsp70 administered with self peptide can interfere
with tolerance induction and cause diabetes by increasing DC activation and CTL responses,
similar to PAMP or CD40-mediated stimulation (22, 28). Release of endogenous HSPs was
therefore speculated to stimulate APC function and activate autoreactive T cells during their
release from damaged cells. Here we used Tg over-expression of Hsc70 in β-cells to test
whether elevated levels of this HSP increased the occurrence of autoimmune disease in β-
cell damage-induced models of diabetes. Hsc70 was chosen as the most abundant HSP in
unstressed cells which could be exposed upon sudden necrotic cell death. Tg over-
expression avoids the introduction of exogenous contaminants (for example, associated
proteins and endotoxin) and was chosen in preference to administration of commercial
Hsc70 preparations, which could not be guaranteed endotoxin-free. A potential risk,
however, is the possibility that high over-expression of a transgene using the rat insulin
promoter could cause translational stress and induce non-specific β-cell death or increase
sensitivity to STZ-induced death. While we could find no evidence of spontaneous β-cell
death in resting RIP-Hsc70 mice, we cannot rule out contribution of such an effect.
Nevertheless, we have presented results which suggest that additional endogenous Hsc70
provides an immune stimulus, detectable in PDLN of resting mice, and that its release upon
necrotic or apoptotic cell death increases the recruitment of APC and T cell to the damaged
tissue and draining LN and further stimulates lymphocyte activation resulting in
autoimmune disease.

To our knowledge, this is the first study aimed at increasing the cellular levels of the
constitutively expressed Hsc70 protein in pancreatic β-cells. This protein is already present
in most cells to perform housekeeping functions including protein folding, clathrin-
uncoating, nuclear protein transfer, and chaperone mediated autophagy (21). Since bovine
Hsc70 is 99% identical to mouse Hsc70, we think it likely that the levels of endogenous
mouse Hsc70 may play a similar and critical role in sensitivity to autoimmunity following
cell damage. However, since Hsc70 is only 85% identical to inducible Hsp70 (iHsp70),
there may be distinct properties of these two proteins which could differently affect their
functional roles during β-cell damage and diabetes (see below).

Previously, it was reported that Tg mice expressing iHsp70 ubiquitously exhibited enhanced
resistance to cerebral infarction and myocardial disfunction following ischemic injury (35).
Protection against these pathologies may be due to the function of iHsp70 to promote
protein re-folding, enhance recovery from cellular stress, and increase cell survival.
Alternatively iHsp70 might protect cells from death by its reported ability to inhibit
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apoptosis (36). A recent report of Tg expression of iHsp70 causing growth defects and early
death from lung and lymph node tumors suggests that suppression of apoptosis by iHsp70
can have dramatic pathological consequences including cellular transformation (37). In
another Tg model, iHsp70 gene expression under the control of the human insulin promoter
was reported to produce spontaneous diabetes mellitus in one transgenic line (38). The
nature of the diabetes was not characterized further, however, since in several other founder
lines, additional expression of iHsp70 in the thymus and in T cells was observed which was
accompanied by lymphoma. Again this suggests pro-survival activities of over-expressed
iHsp70 can promote transformation. Any pro-inflammatory activity of iHsp70 in these
models may therefore have been overshadowed by its pro-survival function, reduction of
cell death, and intracellular retention.

Extracellular Hsp70 has been implicated in a variety of inflammatory and autoimmune
conditions (reviewed in Refs. (20, 39)). More recently, extracellular iHsp70 has been
reported to increase activation of hepatocytes following ischemia-reperfusion injury (40)
and to induce airway inflammatory responses (41). Importantly, extracellular Hsc70 was
shown to play a critical role in myocardial inflammation following injury (42). In addition to
release during cellular necrosis, there are now recognized to be active, stress-induced
secretion mechanisms for HSPs, including Hsc70 (43, 44). The enhanced immune responses
we observed following MLD-STZ suggest that Hsc70 may become exposed on apoptotic β-
cells or that secondary necrosis occurs in situ.

A potential mechanism by which endogenous Hsc70 might be promoting islet-directed
autoimmune responses is by acting as an innate danger signal, DAMP, or alarmin (3).
Signaling receptors for Hsp70-family members have been demonstrated on APCs, including
CD91, CD40, TLR2/TLR4/CD14, CCR5 and the scavenger receptors SR-A, CD36, SREC,
FEEL, and Lox-1 (reviewed in Ref. (45)). Several reports, however, have suggested that low
endotoxin contamination of recombinant and commercial HSP preparations may be
responsible for immuno-stimulatory activity, as some responses are lost following endotoxin
removal (23, 24). Currently there is support for both an intrinsic danger activity of HSPs, as
wells as an adjuvant function for enhancing the response to bacterial products (46).

However, another property of Hsc70 that may be involved in its immunostimulatory
function is antigen chaperoning and enhancement of cross presentation. Cross presentation
of extracellular antigens sampled by APCs is required for stimulation of CD8+ T cells, and
in the steady state this promotes cross-tolerance to self-antigen acquired in a non-co-
stimulatory environment (47). HSPs of the 70 and 90 kDa families have been reported to
chaperone antigenic peptides efficiently into the cross presentation pathway (48). Antigens
associated with Hsc70 have been shown to stimulate CTL responses (49) and immunization
with Hsc70-epitope fusions efficiently generates anti-tumour immunity via enhanced T cell
activation (50). In our Tg model, if islet GP antigen associates with the expressed Hsc70,
then this complex might enhance cross-presentation and stimulation of diabetogenic CTLs
following its release during β-cell death. However, Hsc70-chaperoned GP antigen could also
be released during peri-natal or juvenile waves of β-cell apoptosis (34) and may be cross-
presented to alter GP-specific T cell priming in the PDLN. Enhancing juvenile apoptosis in
β-cells was shown to tolerize diabetogenic T cells, and decrease subsequent immune
activation and diabetes in the NOD and LCMV-NP models (31). However, the effects of
altered presentation of islet antigen-Hsc70 complexes during steady state cross-tolerization
on later exposure to islet antigen or β-cell damage is not known. Further studies are
necessary to determine whether differences in cross-priming during peri-natal or juvenile β-
cell apoptosis in the RIP-Hsc70 background could be responsible for enhancing adult
autoimmune responses to β-cell damage.
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Figure 1.
Expression of Hsc70 in pancreas of RIP-Hsc70 Tg mice. (A) RT-PCR analysis of Hsc70
cDNA levels from C57Bl/6J wildtype littermates (B6, lanes 1-3) versus RIP-Hsc70 Tg mice
(lanes 4-6), compared with β-actin controls. (B) Total pancreas cells were stained for
intracellular content of Hsp/Hsc70 using anti-Hsp70 clone 5A5, gating on the high
granularity β-cell population. In the left panel, the outline trace shows staining of RIP-GP
controls, filled trace shows fluorescence of RIP-Hsc70+/+ Tg mice, dotted line shows
staining with secondary detecting antibody alone. The right panel shows mean fluorescence
intensity (MFI) average of Hsp/Hsc70 stains from RIP-GP and RIP-Hsc70+/+ mice. (C)
Total pancreas cells were stained for intracellular content of Hsc70 using anti-Hsc70-
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specific clone 1B5, gating on the high granularity β-cell population. In the left panel, the
outline trace shows staining of RIP-GP controls, filled trace shows fluorescence of RIP-
Hsc70+/+ Tg mice, dotted line shows staining with secondary detecting antibody alone. The
right panel shows mean fluorescence intensity (MFI) average of Hsc70 stains from RIP-GP
and RIP-Hsc70+/+ mice. n=6 mice, * indicates p<0.05. Representative results of at least 3
independent experiments are shown.
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Figure 2.
Expression of Hsc70 in islet β-cells does not alter immunological ignorance or
responsiveness in the RIP-GP diabetes model. (A) Incidence of spontaneous diabetes in
untreated adult RIP-GP and RIP-GP / RIP-Hsc70 mice observed by blood glucose
measurement for 4 weeks. n=10 mice. (B) Incidence of diabetes induced by infection with
LCMV on day 0. n=6 mice. (C) Incidence of spontaneous diabetes in untreated adult RIP-
GP / P14 TCR and RIP-GP / RIP-Hsc70 / P14 TCR mice. n=10 mice. (D) Incidence of
diabetes in Tg mice stimulated with 100 μg GP33-41 peptide plus 100 μg LPS, administered
i.v. on day 0. n=4 mice. Experiments were performed at least 3 times. (E) Pancreatic
sections from untreated adult RIP-GP or RIP-GP / RIP-Hsc70 mice were stained for CD8-
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positive T cells. Sections show an absence of detectable cells infiltrating pancreatic tissue or
islets. Representative islets from each strain are shown. Histological analysis was performed
on 6-8 mice of each strain, examining 5-10 islets per mouse, in 3 independent experiments.
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Figure 3.
Increase in activated APCs and T cells in PDLN of RIP-Hsc70 mice. PDLN and ILN cells
from RIP-GP or RIP-GP / RIP-Hsc70 were isolated and stained for (A) MHC class II and
CD11c double positive cells (gated on total LN cells); (B) MHC class II and CD40 double
positive cells (gated on total LN cells); (C) CD11c and CD40 double positive cells (gated on
MHC class II-positive cells); (D) CD4 and CD44; (E) CD8 and CD44. Individual stained
cell populations from each mouse strain and the mean is shown in each graph and a
representative FACS plot illustrating CD11c and CD40 double positive cells (gated on MHC
class II-positive cells) is shown (C, left panel). n=4-6 mice,* indicates p<0.05. Experiments
were performed at least 3 times with similar results.
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Figure 4.
Increased incidence of diabetes and inflammation in RIP-GP / RIP-Hsc70 mice following
STZ-induced necrotic β-cell damage. Incidence of diabetes in RIP-GP and RIP-GP / RIP-
Hsc70 following administration of a single i.p. dose of (A) 125 mg/kg or (B) 150 mg/kg
STZ on day 0. n=7-12 mice. p < 0.05 between RIP-GP and RIP-GP / RIP-Hsc70 incidence
using 150mg/kg STZ. (C) Pancreatic tissue was frozen on days 5 and 7 following
administration of 125 mg/kg STZ to RIP-GP and RIP-GP / RIP-Hsc70 mice. Sections were
double or single stained for CD4-positive and CD44-positive cells (upper panels), and MHC
class II-positive cells (lower panels). Representative sections from day 7 pancreas
containing infiltrated islets are shown. Islets were scored as 0 = no cell staining; 1 = peri-
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islet staining only, 2 = intra-islet staining, 3 = extensive peri-islet and intra-islet staining,
shown in the graphs to the right. A total of 30-60 islets from multiple sections of 4 treated
mice of each strain on each day were examined. p<0.05 for CD4/CD44 and p=0.006 for
MHC II scores between RIP-GP and RIP-GP / RIP-Hsc70 scoring 2 or 3 on both days. (D)
Mice were given a single injection of 150 mg/kg STZ, and the pancreas analyzed 4 or 21
days later. Sections were stained for insulin-positive β-cells remaining in the islets. (E)
Serum samples were obtained before and on days 3 and 5 following administration of 125
mg/kg STZ and levels of IL-1β were determined by ELISA. * indicates p<0.05 for n=2-4
mice. Experiments were performed at least 3 times with similar results.
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Figure 5.
Increased incidence of diabetes and activation of GP-specific T cells in RIP-GP / P14 TCR /
RIP-Hsc70 mice following STZ-induce damage. (A) Incidence of diabetes in RIP-GP / P14
TCR and RIP-GP / P14 TCR / RIP-Hsc70 mice following administration of a single i.p. dose
of 200 mg/kg STZ on day 0. n=10 mice. PDLN and ILN cells were prepared on day 5
following STZ administration and stained for (B) MHC class II and CD40 (gated on total
LN cells); and (C) CD8 and CD44 (gating on CD8+ cells). FACS plots indicating cellular
fluorescence levels are shown in the left panels and percentage of cells in the double positive
quadrant of individual mice are shown in the right panels. n=3-4 mice, * indicates p<0.05.
Experiments were performed at least 3 times with similar results. (D) Splenocytes from P14
TCR mice were prepared and stained with CFSE, and transferred into RIP-GP or RIP-GP /
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RIP-Hsc70 mice. The next day, mice were given a single i.p. injection of 150 mg/kg STZ.
24 hours later, the pancreas and PDLN were removed and examined for recruitment of P14
cells by flow cytometry, gated on CD8-positive cells. n=3-6, * indicates p<0.05. (E) On day
6 following STZ injection, lymph nodes were isolated from mice which had received CFSE-
labeled P14 splenocytes, stained for CD8+ T cells, and analyzed by flow cytometry. Plots
show CFSE intensity gated on CD8-positive cells, with a marker showing CFSE dilutions
below initial staining level, indicating the proportion of dividing cells. Results in panels (D)
& (E) are representative of 4 mice in 2 separate experiments.
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Figure 6.
Increased incidence of diabetes and inflammatory responses in RIP-GP / RIP-Hsc70 mice
following MLD-STZ-induced apoptotic β-cell damage. (A) Incidence of diabetes in RIP-GP
and RIP-GP / RIP-Hsc70 Tg mice following administration of 5 daily i.p. injections of 50
mg/kg STZ. n=7-10 mice. Two days after the last STZ injection, serum was collected and
analyzed for cytokines using a mouse CBA flex set. Levels of IFNγ (B) and IL-12p70 (C)
above the threshold for standard detection are shown. Cytokine levels in naïve animals were
not detectable (nd). Experiments were performed at least 3 times with similar results. (D)
Mice were given MLD-STZ treatment for 5 days. CD8+ T cells from spleen of P14 TCR
mice were prepared by MACS positive selection, stained with CFSE, and transferred into
RIP-GP or RIP-GP / RIP-Hsc70 mice one day before the last STZ injection. Two days later
the pancreas and PDLN were removed and examined for recruitment of P14 cells by flow
cytometry. n=3, * indicates p<0.05. (E) On day 7 after the first STZ injection, PDLN and
ILN were isolated from mice which had received CFSE-labeled P14 splenocytes, stained for
CD8+ T cells, and analyzed by flow cytometry. Plots show CFSE intensity gated on CD8-
positive cells, with a marker showing CFSE dilutions below initial staining level, indicating
the proportion of dividing cells. Results in panels (D) & (E) are representative of 4 mice in 2
separate experiments.
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